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(57) ABSTRACT 

A method of forming broad bandwidth acoustic or micro 
wave beams which encompass array design, array 
excitation, Source Signal preprocessing, and received signal 
postprocessing. This technique uses Several different meth 
ods to achieve improvement over conventional array Sys 
tems. These methods are: 1) individually addressable array 
elements; 2) digital-to-analog converters for the Source 
Signals; 3) inverse filtering from Source precompensation; 
and 4) spectral extrapolation to expand the bandwidth of the 
received signals. 

The components of the system will be used as follows: 
1) The individually addressable array allows Scanning 

around and over an object, Such as a human breast, 
without any moving parts. The elements of the array are 
broad bandwidth elements and efficient radiators, as 
well as detectors. 

2) Digital-to-analog converters as the Source signal gen 
erators allow virtually any radiated field to be created 
in the half-space in front of the array. 

3) Preprocessing allows for corrections in the System, 
most notably in the response of the individual elements 
and in the ability to increase contrast and resolution of 
Signal propagating through the medium under investi 
gation. 

4) Postprocessing allows the received broad bandwidth 
Signals to be expanded in a proceSS Similar to analytic 
continuation. 

Used together, the System allows for compensation to create 
beams of any desired shape, control the wave fields gener 
ated to correct for medium differences, and improve contract 
and resolution in and through the medium. 

11 Claims, 3 Drawing Sheets 
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COMPENSATED INDIVIDUALLY 
ADDRESSABLE ARRAY TECHNOLOGY FOR 

HUMAN BREAST IMAGING 

COMPENSATED INDIVIDUALLY 
ADDRESSABLE ARRAY TECHNOLOGY 

The United States Government has rights in this invention 
pursuant to Contract No. W-7405-ENG-48 between the 
United States Department of Energy and the University of 
California for the operation of Lawrence Livermore 
National Laboratory. 

BACKGROUND OF THE INVENTION 

In recent years, a technology has been developed which 
involves individually addressable array elements, digital to 
analog converters for the Source Signals, inverse filtering for 
Source precompensation, and Spectral extrapolation to 
expand the bandwidth of the received signals. This technol 
ogy provides Significant improvement over conventional 
array Systems. This technology has been utilized experimen 
tally in acoustic and microwave projects as a way of forming 
a precompensated beam and detecting Signals with higher 
than expected resolution. 

The present invention involves modifications of this 
recently developed technology to enable its use, for 
example, in bio-med Scanning and nondestructive evaluation 
for research and industry; and, more particularly, to Scanning 
and imaging of the human breast. 

There are three (3) major pieces or Sections to this 
technique: 1) design of multi-channel, individually 
addressable array elements, and associated drive electronics 
for creating and detecting acoustic and microwave fields; 2) 
inverse filtering to precompensate the output Signals, to 
correct for flaws in the construction of the array, changing 
conditions in the propagation media, and So on; and 3) 
postprocessing, including Spectral extrapolation and 
de-convolution to increase resolution of the System. More 
Specifically, the present invention involves a method of 
forming acoustic beams encompassing array design, array 
excitation, and Source Signal preprocessing. The System of 
the present invention consists of a shaped array to conform 
to the breast, drive and detection electronics, and pulse 
conditioning Software to optimize contrast and resolution in 
a given medium real time. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a method 
of forming broadbandwidth acoustic or microwave beams. 
A further object of the invention is to provide a method of 

forming broad bandwidth beams which encompass array 
design, array excitation, Source Signal preprocessing, and 
received signal postprocessing. 

Another object of the invention is to provide a technique 
for imaging human breasts, for example, which involves 
individually addressable array elements, digital-to-analog 
converters for the Source Signals, inverse filtering for Source 
precompensation, and Spectral extrapolation to expand the 
bandwidth of the received signals. 

Other objects and advantages of the present invention will 
become apparent from the following description and accom 
panying drawings. Basically, the present invention involves 
compensated, individually addressable array technology. 
More specifically, this invention involves a method of form 
ing acoustic beams encompassing array design, array 
excitation, and Signal preprocessing, and is particularly 
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2 
applicable for bio-med Scanning technologies, Such as imag 
ing the human breast. 

There are three (3) major pieces to this technique: 
1) Design of multi-channel, individually addressable 

array elements and associated drive electronics for 
creating and detecting acoustic and microwave fields; 

2) Inverse filtering to precompensate the output signals, to 
correct for flaws in the construction of the array, 
changing conditions in the propagation media; and 

3) Postprocessing, including spectral extrapolation and 
de-convolution into increase resolution of the System. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated into 
and form a part of the disclosure, illustrate embodiments of 
the invention and, together with the description, Serve to 
explain the principles of the invention. 

FIGS. 1A and 1B illustrate different beam configurations 
created by the individually controlled array elements. 

FIG. 2 schematically illustrates a data system which 
includes a high-speed memory and ring distributor, and the 
data can be released by a byte at a time by a read-out 
controller Synchronized by a clock. 

FIGS. 3A and 3B schematically illustrate a micropiezo 
electric arch array arrangement made in accordance with the 
present invention. 

FIG. 4 Schematically illustrates an array cap with ele 
ments embedded in a matrix that conforms to a desired 
shape. 

FIG. 5 illustrates an embodiment of a multiplexing and 
A/D conversion assembly made in accordance with the 
present invention. 

FIG. 6 illustrates in diagram form the Signal processing in 
accordance with the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention involves compensated, individually 
addressable array technology. More specifically, the inven 
tion involves a method of forming acoustic or microwave 
beams encompassing array design, array excitation, and 
Source Signal preprocessing. This method has applicability 
to bio-med Scanning technologies, for example, and particu 
larly for imaging of the human breast. The System for 
carrying out the breast imaging application consists of a 
shaped array to conform to the breast, drive and detection 
electronics, and pulse conditioning Software to optimize 
contrast and resolution in a given medium real time. 
The technique of the present invention uses Several dif 

ferent methods to achieve improvement over conventional 
array Systems. These methods include: 1) individually 
addressable array elements; 2) digital to analog converters 
for the Source Signals; and 3) inverse filtering for Source 
precompensation. In addition, Spectral extrapolation to 
expand the bandwidth of the received signals may be used. 
The components of the System are used as follows: 
1) The individually addressable array allows Scanning 

around and over an object (in this case the human 
breast) without any moving parts. The elements of the 
array are broad bandwidth elements and efficient 
radiators, as well as detectors. Array materials include 
PVDF piezoelectric plastics, prestressed ceramic ton 
plitz elements, and 1-3 composite arrays in a shaped 
matrix board, these materials being known in the art. 
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2) Digital-to-analog converters as the Source signal gen 
erator allow virtually any radial field to be created in 
the half-Space in front of the array. The array becomes 
a virtual part of the computer System. 

3) Preprocessing allows for corrections in the System, 
most notably in the response of the individual elements 
and in the ability to increase contrast and resolution of 
Signals propagating through the medium under inves 
tigation. 

4) Postprocessing allows the received broad bandwidth 
Signals to be expanded in a process Similar to analytic 
continuation. A region of high Signal to noise is used to 
create a complex Spectrum that is then extended into 
both higher and lower ranges of frequency Space. This 
Spectrum is then inverted and the new signal is mea 
Surably sharper than the original. 

Used together, the System allows for compensation to 
create beams of any desired shape, control the wave fields 
generated to correct for medium differences, and improve 
contrast and resolution in and through the medium. 

The invention is broadly illustrated in FIGS. 1A and 1B, 
wherein different beams of desired shape are created by 
different array elements, generally indicated at 10 produce 
wave fronts, generally indicated at 11 which produce the 
formed beam intensity, generally indicated at 12. FIGS. 1A 
and 1B illustrate the ability to address the individual ele 
ments with phased (differently delayed) signals that allow 
the formation of beams and the steering of these beams. The 
ability to control the frequency-based width and frequency 
Spectral shape of the Signals allows for different beam 
characteristics. The ability to Send entirely different signals 
to each of the array elements allows one to create any 
desired wave field in the medium to enhance the resolution 
and contrast at any given location. 

There are three (3) major pieces to this technique: 1) 
design of multi-channel individually addressable array ele 
ments and associated drive electronics for creating and 
detecting acoustic and microwave fields; 2) inverse filtering 
to precompensate the output signals to correct for flaws in 
the construction of the array, changing conditions in the 
propagation media, and So on; and 3) postprocessing, includ 
ing spectral extrapolation and deconvolution to increase 
resolution of the System. 

The hardware systems for carrying out this method of the 
present invention are those parts of the device which physi 
cally interact with the tissue under investigation. They must 
create Specified initial wave fields, detect the results of those 
fields traveling through the tissue, and get the relevant data 
back to the data acquisition computer in a timely manner. 
The acoustic Sound pressure levels must be Safe for the 
tissue, of appropriate frequency range for any given 
measurement, and detectable. The hardware Systems are 
broken out into three (3) basic functions: 1) Signal Source 
System (Source generation); 2) transduction System 
(transduction); and 3) input System (Signal input). Source 
generation involves creating and delivering individually 
tailored Source Signals of Sufficient electrical power to the 
transducers. Transduction involves converting these signals 
into mechanical energy (Sound) and launching that energy 
into the tissue, as well as converting the energy from the 
tissue arriving at the array into electrical Signals. Signal 
input involves getting all of these signals back into the data 
acquisition computer in a usable form. 
Source Generation: 

The Source generation or Signal Source System can be 
composed of four (4) sequential Sections to create acoustic 
wave fields that will travel through the tissue. The fields are 
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4 
adaptive So that the Shape and bandwidth of each pulse can 
be tailored for maximum contrast and resolution of indi 
vidual Scattering objects. Additionally, the measurements of 
frequency-dependent attenuation can be made more precise. 
The first Section is the Signal Source, which is a fast 

addressable memory. This gives the ability to generate Single 
frequency tone bursts, Square edge pulses, or arbitrary 
waveforms. Such memory is readily available and will work 
at Speeds of hundreds of millions, to billions, of Samples per 
second. This will provide signals with bandwidths 100's of 
megahertz, allowing one to multiplex the Signals that will 
actually be used. The system will have sufficient memory to 
make corrections to the Sources signals to correct for mis 
match between Source transducer and media, and Some 
anticipated Signal line reflections. This is a linear System, So 
precorrections will account for all the anticipated problems. 
The Second Section is a demultiplexing System that will 

create many different Signals out of a single memory entry. 
These work on the principle of a rotating gate Switch, 
allowing the interleaved memory record to be sent to dif 
ferent output lines. These circuits are essentially computer 
buSSes, and run at 10's to 100's of megahertz, again allowing 
the necessary bandwidth in the demultiplexed signals. 
The third Section is a fast digital-to-analog (D/A) con 

verter. Similar to those used in consumer compact disk 
players, these high-speed digital-to-analog converters are 
fast, reliable, and relatively inexpensive. They will need to 
work only at the highest necessary frequency, 10 megahertz. 
The digital-to-analog converters have Sufficient Speed to 
generate multiple desired Signals without distortion. 
The fourth Section is the output power amplifier array, 

ideally one for each array element. The needs here are wide 
bandwidth, low power, low noise, Small size, and low cost. 
The power amplifiers are high efficiency, low output power, 
with a frequency bandwidth matching the digital-to-analog 
converter capability. Their output levels are controlled by a 
feedback loop from the receive System. 
AS Seen in FIG. 2, the data to be outputted is Stored in a 

fast, high Speed memory 20 and released a byte at a time by 
a read out controller 21. The controller 21 is synchronized by 
a sync clock 22, as indicated by arrow 23. The clock 22 
controls a byte ring distributor 24, as indicated by arrow 25, 
which is a high Speed Switch System that loads each byte into 
Separate channels indicated at 26, each with a different 
Signal as indicated at 26. The demultiplexed data Streams or 
channels 26 (five shown) are then fed to relatively low speed 
digital-to-analog converters 27 (five shown), filtered, and 
outputted as Separate analog Voltages. The composite Signal 
28 is a composite of the Separated Smooth output signals. 
The cost Savings are in the use of the relatively low-speed 
digital-to-analog converters 27. 
Transduction: 
The transduction System must be both efficient in creating 

acoustic energy and Sensitive enough to detect low levels of 
Scattered energy and higher levels of transmitted and 
reflected energy. Thus, the array head is composed of high 
efficiency elements able to radiate and detect over a broad 
frequency bandwidth. Further, the elements must be distrib 
uted densely enough to introduce the energy necessary for 
field creation and to detect the Scattered fields finely enough 
for the imaging algorithms to unfold the Volumetric picture 
in Sufficient detail for analysis. Thus, the output power is 
kept low to avoid causing any tissue damage in the Scan 
mode, and Sparse enough to avoid any element-to-element 
croSS talk. Finally, the elements must be in the right place for 
almost any measurement to be made. 

These requirements led to a hemispherical cap or head 
design which allows almost total coverage of breast tissue. 
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The head will be composed of a rigid hemisphere which 
couples to the breast through a water bath, or comprises a 
pliable cup which can conform to the breast shape and 
couples directly into the tissue. Also, pliable concentric rings 
or an adjustable tree Structure may be utilized. The materials 
composing the array elements may be either a PZT embed 
ded in a matrix, a PVDF copolymer, PVDF piezoelectric 
plastics, prestressed ceramic tonplitz elements, and 1-3 
composite arrayS. 

FIGS. 3A and 3B illustrate a micropiezoelectric “arch” 
array coupled to a connecting plug. Coupling the Source and 
detector circuitry to the array elements is possible in many 
different ways. The limit of one’s ability to connect the array 
to the device is currently a center-to-center Separation 
between elements of 25 microns or /1000 inch, far more than 
needed. As shown in FIGS. 3A and 3B, the arch or cup 30 
includes numerous array elements 31 connected to a con 
necting plug. 32. The array elements 31 are shown slightly 
enlarged at 31', and greatly enlarged in FIG. 3B. As shown 
in FIG. 3B, the elements 31 comprise PZT rods in polymer 
2 mm thick for 1 megahertz, and 0.2 mm for 10 megahertz. 
The connection to the connecting plug 32 will be described 
hereinafter with respect to FIG. 5, showing the “input 
Section.” 

FIG. 4 illustrates a preferred embodiment of a cup or head 
incorporating an acoustic element array. The elements 40 are 
embedded in a matrix or cup 41 that conforms to the desired 
shape (a human breast). The elements 40 fill the entire array 
cup 41, only a few elements being shown. The input signals 
42, generated by the digital-to-analog converters (see FIG. 
2) are sent to a set of elements indicated at 43, and an 
acoustic wave field 44 is generated in the tissue located 
beneath the cup 41. The transmitted Signal indicated at 45 is 
detected by Some of the receiving elements indicated at 46. 
The scattered signals indicated at 47 are detected by other 
receiving elements indicated at 48, and the reflected Signals 
indicated at 49 are detected by the original elements indi 
cated at 43. 

The received and transmitted Signals 45 are then digitized 
and multiplexed before being fed to the control computer. 
Those Signals can be taken Sequentially around the array cup 
41 as the transmitter continues to Send a short pulse relative 
to the repetition rate. The control computer Separates the 
different Signals and presents them for further analysis. 
Signal Input: 

The input System is computer controllable and able to 
transfer vast amounts of time Signals to the algorithms for 
analysis. It, too, is a multiplexed system (see FIG. 5), with 
the analog signals of each individual array element Sampled 
at a Sufficiently high rate to match the required frequency 
bandwidth. A fast Switching network and fast analog-to 
digital converters are used to make the data digital. The input 
System delivers the detected and postprocessed signals to the 
reconstruction algorithms. It consists of multiple preampli 
fiers and a multiplexer System to Speed and Simplify the data 
transfer. The input multiplexers will be synced to the clock 
Speeds of the digital-to-analog converters for simplicity. 

Referring now to FIG. 5, a digital multiplexed signal 50 
passes through a demultiplexer 51 via a controller 52 to a 
digital-to-analog converter 53, and the output from con 
verter 53 passes through an output amplifier 54 to a con 
nection plug 32 (as seen in FIG. 3A) for connection to an 
array element. 

FIG. 6 diagrammatically illustrates the Signal Sequence of 
the apparatus of FIGS. 2-5. What is being illustrated in FIG. 
6 is, that for any element or group of elements, including the 
entire set of elements, the near field sensor 60, or the far field 
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6 
Sensor 61 response of the medium to an array (or multi 
element array) 62 or the element itself can be measured and 
compared to what is expected. While a model of the system 
is implied in FIG. 6 for each system, the model is different. 
Once the response is measured, wherever and however, a 
correction to the Source Signal can be made and a closer 
approximation to the desired response achieved. The System 
as shown in FIG. 6 additionally includes a Source generator 
63 for directing a signal to array element 62, Signal Storage 
64, Source signal correction 65, comparitor (comparison to 
expected Signal) 66, Signal model (expected responses) 67, 
and a measurement device (transient digitizer) 68 for receiv 
ing signals from the near field sensor 60 and the far field 
sensor 61. The near field sensor 60 may be a contact or 
proximity detector or interferometer which detects pressure, 
displacement, Velocity or acceleration. The far field Sensor 
may be an interferometer that detects pressure, 
displacement, Velocity, or acceleration. The Source generator 
63 may be a digital-to-analog converter or tuned transmis 
Sion line. The Signal Storage 64 may be digital or tuning 
(mechanical). 

It has thus been shown that the present invention provides 
an apparatus and method of forming broadbandwidth acous 
tic beams encompassing array design, array excitation, and 
Source Signal preprocessing. The System consists of a shaped 
array to conform to the human breast, for example, with 
drive and detection electronics, plus pulse conditioning 
Software, to optimize contrast and resolution in a given 
medium real time. 
While particular embodiments and components, etc., have 

been described and/or illustrated to exemplify and teach the 
principles of the present invention, Such are not intended to 
be limiting. Modifications and changes may become appar 
ent to those skilled in the art, and it is intended that the 
invention be limited only by the Scope of the appended 
claims. 
What is claimed is: 
1. A method of imaging human breasts including forming 

broad band acoustic or microwave beams which encom 
passes: 

providing a breast conforming array head: 
Said breast conforming array head having a configuration 

Selected from the group consisting of a hemispherical 
cup, a shape-conforming cup, and concentric rings of 
different size; 

providing a multi-channel individually addressable array 
of elements on the array head to form arbitrary Voltage 
Signals as a function of time, 

providing array excitation by operatively connecting 
drive electronics to the array of elements for creating 
and detecting acoustic and microwave fields, 

the operatively connecting of the drive electronics being 
carried out by providing Source Signal generators con 
nected to each of the elements of the array, 

the providing of the Source signal generators being carried 
out using a high-speed memory operatively connected 
to a read-out controller to release a byte at a time to a 
byte distributor operatively connected to digital-to 
analog converters, and controlling the read-out control 
ler and the byte distributor by a synchronized clock, 

providing Source Signal processing, and 
providing received signal postprocessing. 
2. The method of claim 1, wherein providing the array of 

elements is carried out by providing an array of piezoelectric 
material arranged in an array configuration and mounted in 
a Supporting matrix. 



US 6,504,288 B2 
7 

3. The method of claim 2, wherein providing an array of 
piezoelectric material is carried out using a material Selected 
from the group consisting of a PZT embedded in a matrix, 
PVDF and associated copolymers with conductive coatings 
painted or Sputtered on a matrix arrangement, PVDF piezo 
electric plastics, a PZT embedded in a cloth-like matrix, and 
prestressed ceramic tonplitz elements. 

4. The method of claim 2, wherein the array configuration 
is mounted in a Supporting matrix of Said breast conforming 
array head. 

5. The method of claim 1, wherein the source signal 
generators comprise digital-to-analog converters. 

6. An apparatus for imaging human breasts by forming 
broadbandwidth acoustic beams, including: 

a breast conforming array head; 
Said breast conforming array head being Selected from the 

group consisting of a hemispherical cup, a shape 
conforming cup, and concentric rings of different sizes, 

individually addressable array elements mounted to Said 
array head for forming arbitrary Voltage Signals as a 
function of time, 

means for providing excitation of the array ahead; 
Said means including Source Signal generators connected 

to each of the elements of the array, Said Source Signal 
generators including a high-Speed memory operatively 
connected to a read-out controller to release a byte at a 
time to a byte distributor operatively connected to 
digital-to-analog converters, and a Synchronized clock 
for controlling the read-out controller and the byte 
distributor; 

means for Supplying Source Signals to each of the array 
elements, 
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8 
means for inverse filtering for Source precompensation; 

and 
means for providing Spectral extrapolation to expand the 

bandwidth of received signals. 
7. The apparatus of claim 6, wherein Said array elements 

are selected from the group consisting of a PZT embedded 
in a matrix, PVDF and associated copolymers with conduc 
tive coatings painted or Sputtered on a matrix arrangement, 
a PZT embedded in a cloth-like matrix, and prestressed 
ceramic tonplitz elements. 

8. The apparatus of claim 6, wherein Said means for 
Supplying Source Signals to each of the array elements 
includes digital-to-analog converters operatively connected 
to Said array elements. 

9. The apparatus of claim 8, wherein said means for 
Supplying Source Signals to each of the array elements 
additionally includes a byte distributor operatively con 
nected to Said digital-to-analog converters, a high-speed 
memory operatively connected to Said byte distributor, a 
read out controller operatively connected to Said high-speed 
memory, and a Sync clock operatively connected to each of 
Said byte distributor and Said read-out controller. 

10. The apparatus of claim 9, wherein said digital-to 
analog converters are connected to Said array elements via a 
connector plug. 

11. The apparatus of claim 6, wherein Said means for at 
least inverse filtering for Source precompensation includes 
means for providing a digital multiplexed signal, a 
demultiplexer, a digital-to-analog converter, and an output 
amplifier operatively connected to Said array elements via a 
connector plug. 


